Abstract: A substantially successful technology that has emerged is the use of electro-optics, which has been expanded into the realm of 'machine vision' with the rapid advance in optical sensor technology and computer processing power. The basic principle of the optical sensor has remained unchanged over the years. Charge-Coupled Devices (CCDs), laser diodes and microprocessors form the basis of this type of sensing technique. CCDs have found their use in the observation of weld pool. It is known that the surface of the weld pool contains information that can be used to control the welding process. Researchers have used cameras to observe the weld pool and study the shape of the weld pool. Optical sensors have also been used to measure the arc light to determine the state of the weld pool. This paper summarises limited research done in the field of sensing the weld pool visually or optically and is intended to give the reader a brief overview of what optical technologies and techniques have been used to sense the weld pool state.
Introduction
Vision-based sensors have found their use in many applications ranging from far outer space exploration to microscopy. A few applications have varying degrees of complexity, ranging from something as simple as monitoring the presence of a product on a moving manufacturing line, to something as complex as diagnosing whether a tumour might be cancerous. As far as the manufacturing industry is concerned, imaging sensors form the heart of many vision-based monitoring systems.
The most commonly used industrial vision sensor is the monochrome camera, which acquires visible light intensities from black to white in various shades of grey. Monochrome cameras are used in industrial applications not requiring colour information to perform the required task. Examples include acquiring shape information of finished parts on a production line, verifying correct position of labels on containers and reading their barcodes, etc. If colour information is critical for proper monitoring a colour-imaging sensor such as a Red Green Blue (RGB) three-channel camera can be used. Both monochrome and RGB cameras are commercially available in various configurations, sizes and resolutions to meet the demands of most industrial applications.
The monochrome and colour cameras acquire images based on light intensities in the human visible wavelength spectrum of 400-700 nm. Over the past few decades, several imaging sensors have also been developed that are sensitive to light beyond the visible spectral wavelength range. These 'spectral' cameras can acquire images in light wavelengths on either side of the human visible spectrum. Ultraviolet (UV) cameras are sensitive to light in the wavelength range of 100-400 nm. Such cameras have been used in various space exploration and environmental applications. On the other side of the visible spectrum, several Near-Infrared (NIR) and thermal Infrared (IR) imaging cameras have also been realised, which are sensitive to light in the 900-2500 nm and 2500-14000 nm wavelength, respectively. Thermal IR cameras find use in several heat sensing applications such as night vision and 'hot spot' detection in electrical equipment. NIR cameras have been used in many industrial applications including semiconductor wafer inspection, forensics, online inspection and sorting of food products for contaminants.
Vision-based sensing is used to determine the state of weld pool. Generally, a human welder uses vision to look at the weld pool and make judgements about the welding process and adjusts the parameters accordingly. Similarly, vision sensors can be used to sense the weld pool state and in conjunction with a control algorithm to adjust the welding parameters. In particular, optical sensors have been used to study the spectrum of arc light to find the relationship of the change in arc light to the welding process. These techniques are discussed in Section 2. Algorithms have been developed for determining the boundary of the weld pool. The Two-Dimensional (2D) shape of the weld pool has also been studied in relation to the current change using special synchronised laser and camera shutter (Hong et al., 2000) . The algorithms and research done in studying the 2D shape of the weld pool will be surveyed in Section 3. Programmes have also been developed to measure the Three-Dimensional (3D) depth of the weld pool surface and methods have been experimented with to determine the depth of weld pool experimentally. The 3D shape of the weld pool surface has also been studied using stereovision. Some of the research related to 3D surface reconstruction of weld pool is detailed in Section 4.
Optical sensors
Optical sensors have been used to study oscillations of the weld pool (Hartman et al., 1999) . To control the weld pool, it is crucial to sense at least one of its critical parameters and use it as the feedback. Generally, arc voltage or arc light has been used. A model of the relationship between the pool's geometry and its frequency is necessary to extract useful information from the power spectral density and to properly adjust the total heat input into the weldment. The optical sensor is used to detect the pool oscillation, which is accomplished by collecting the specular reflection from the mirror-like surface of the weld pool. Specular reflection of the pool's surface has been found to provide modal information from the pool's vibrations, thus enhancing the detection and controllability of the process (Hartman et al., 1999) . A schematic of the optical probe relative to the welding torch and workpiece is shown in Figure 1 . (Hartman et al., 1999) The optical sensor has also been used to do a spectral analysis of the arc plasma light and to calculate the plasma electron temperature (Ancona et al., 2004 ). An optical sensor used in this configuration is shown in Figure 2 . GTAW monitoring (Ancona et al., 2004) The optical collecting system shown, points towards the arc welding plasma, and is lodged into the nozzle of the torch and coupled to a 50-µm core diameter optical fibre. The radiation, collected from the arc-metal interaction zone is transmitted to a 10-µm entrance slit of a miniature spectrometer, equipped with a diffraction grating of 1800 lines mm −1 and a Charge-Coupled Device (CCD) detector array. The spectral range detected in this configuration is from 390 to 575 nm, with an optical resolution of 0.3 nm. The spectrometer is interfaced to a computer using ADC acquisition card and LabView software performed the real-time calculation of the plasma electron temperature. According to research done on the arc light/plume, arc welding plasmas are generated by ionised particles and free electrons ejected from the electric arc-metal interaction zone. These charged particles are accelerated by the applied voltage, collide with the surrounding non-excited particles and ionise them, thus determining a breakdown avalanche process that leads to the formation of a thermal plasma column between the tungsten electrode and the weld pool. A few studies have demonstrated that, in a good approximation, this kind of inhomogeneous and axisymmetric industrial plasma can be considered optically thin and in local thermal equilibrium (Griem, 1964; Marotta, 1994) . This hypothesis implies that inside the plume collisional energy transfer mechanisms dominate over radiative ones; therefore, particles locally follow a Maxwellian energy distribution. As the intensity of a line belonging to the optical plasma emission spectrum is related to the population of the upper energy level of the corresponding transition, it is also related to the electron temperature of the Boltzmann distribution governing the energy level population. Thus, it is possible to estimate the welding plasma electron temperature by measuring the optical intensity of several spectral lines, belonging to the same chemical species (Lacroix et al., 1997; Poueyo-Verwaerde et al., 1993; Rockstroh and Mazumder, 1987; Sokolowski et al., 1989; Sokolowski et al., 1998; Szymanski and Kurzyna, 1994) . Therefore, it is established that the optical emissions during the welding process hold valuable information that can be analysed using optical sensors and used as a feedback to control the welding process. However, in a different dimension, sensing the weld pool surface and analysing its geometry can provide more information about the penetration level of the weld. Hence, the Sections 3 and 4 describe the research done in visually studying the 2D and 3D shape of the weld pool.
2D analysis of the weld pool
Observation of the weld pool in real time is difficult due to the intense arc light, and splatter of hot metal while welding. A few researchers used different techniques incorporating active light sensing using laser to illuminate the weld pool and using combination of filters to block out the arc light. A few researchers used the arc light itself to illuminate the weld pool but use an arc blocker and position the camera such that the arc light is blocked in the image.
A major technique for a 2D weld pool boundary measurement is to use the laser strobe system. The laser strobe system consists of a pulse laser illumination unit, a camera head and a system controller. The camera is fitted with an optical filter to allow light in the wavelength of 330-340 nm to pass through. The laser wavelength is centred at 337.1 nm. The pulse duration of the laser is 5 ns and the camera is synchronised with the laser pulse. The laser power density during this duration is much higher than the arc emission. An earlier work using this technique was done at the University of Kentucky (Kovacevic et al., 1995) in which the camera observed the weld pool at an angle to the direction of the weld ( Figure 3 ) and the weld pool area was controlled using an adaptive algorithm. A complete weld pool detection and edge extraction in real time was written based on the greyness difference and directional gradient of greyness between the weld pool and the HAZ zone and the base metal. On the basis of the largest directional gradient change at the edge of the weld pool, edges were determined. The pool edge extraction was performed in two steps: locating the pool based on the largest area of low greyness in the illuminated area and then determining the front, side and rear edge. The presence of oxides in the weld pool sometimes caused areas of high grey levels inside the weld pool, which caused difficulty in processing the images for edges. On the basis of the weld pool shape, a robust adaptive controller was used to control the size of the weld pool. To confirm the effectiveness of the control system (combination of the sensor, image processing and control algorithm), various experiments were performed for initial parameters, torch speed variation and head transfer condition change and it was proven that the controller could maintain the pool size closer to the desired level with the variations in the system. In a paper by Luo et al. from the Gintic Institute of Manufacturing Technology, the same laser strobe ultrahigh shutter speed vision system was used (Luo et al., 2001) . The reflection from the molten metal was used to study the weld pool. Their analysis was done by standard image processing software called VisionBlox. After capturing the image of the weld pool the VisionBlox software was used to do edge detection and blob analysis used to measure the size of the weld pool. The pixel to mm ratio was determined by calibration. After determining the 2D length and width of the weld pool, a neuro-fuzzy logic controller was implemented to control the welding process. Using this technique, the 2D measurements of length and width can be obtained. As a part of their research, they conducted a study to determine the correlation of the welding speed, welding current and the weld pool length and width. Figures 4 and 5 show the results from experimentation (Luo et al., 2001) .
During the experiments, the overlap of the torch and weld pool was observed. The weld pool was located and the edge detection performed in a region of interest marked by the area where the weld pool is located in the image. The interference of the arc and shadowing was considered to be negligible and the computation done including the shadowed part of torch tip as shown in Figure 6 .
Another major technique for a 2D weld pool boundary measurement is the co-axial viewing of the weld pool, which was first proposed by Richardson et al. (1984) and has been extensively investigated by a number of researchers (Boyer and Penix, 1992; Brzakovic and Khani, 1991; Pietrzak and Packer, 1991; Richardson et al., 1984) . In the co-axial viewing, the electrode is used to block the arc.
In another type of research done by Wu et al. from the Institute of Material Joining at Shangdon University, China, more readily available components instead of the specialised pulsed laser were used to observe the weld pool. They used a regular CCD sensor having a resolution of 600 TV lines and 8 shutter speeds. The CCD was fitted with a narrow band filter centred at 610 nm, half-bandwidth 10 nm and transparency of 27%. A study Figure 3 Experimental set-up and captured image (Kovacevic et al., 1995) of optical parameters was performed to optimise the image of the weld pool. A series of image processing algorithms were then performed such as eliminating the noise, enhancing contrast and extracting edges of the weld pool. Using the calibration, transformation of 0.043 mm/pixel the 2D size (length and width) of the weld pool was determined. Figures 7-9 show a few images captured, the result of the image processing and the extracted shape of the weld pool . In 2D measurement, the length, width and area are used to develop a model for correlating the weld pool's geometrical appearance to penetration (Gao and Wu, 2002; Wu et al., 2003) . However, the measurement of two parameters (length and width) is not sufficient to determine the state of weld pool. By measuring the depth of depression of the weld pool, more detailed information about the condition of the weld pool can be determined (Luo et al., 2001 ). 3D measurements can provide better insights into the state of the weld pool. Research relating to 3D measurement of the weld pool is thus summarised in Section 4.
3D analysis of the weld pool
Limited research has been done in studying the 3D shape of the weld pool surface. Many computer vision methods including structured light and stereovision have been used to compute the 3D shape of the weld pool surface. Algorithms using slope field to determine the 3D geometry have also been proposed. A method based on using slope to measure the 3D surface was proposed by Kovacevic and Zhang. In their experimentation, they projected laser stripes on the weld pool and observed the reflected pattern. They noted that the relationship between the reflected laser stripe distance and the surface slope provided an approach to estimate the surface slopes Zhang et al., 1994) . The apparatus set-up for their experiment is shown in Figure 10 . The grid placed in front of the projected laser caused a pattern of lines to fall on the weld pool surface. This pattern was observed from camera synchronised with the laser pulse. The pattern of the reflected stripes observed from the camera described the reflection surface. Thus, the geometry of the reflected stripes contains the weld pool surface information (Saeed et al., 2004) . To extract the required information, the torch and electrode are first identified (Kovacevic and Zhang, 1997) . Then, the electrode-torch contours were described and the weld pool boundary determined.
G. Saeed
The boundary of the weld pool was determined in three steps. In the first step, the continuous edges were detected in the region of interest, which was selected based on the location of torch and electrode in the image. The edge detection was done along the same gradient of greyness in a certain threshold. In the second step, the continuous edges corresponding to the boundary of the weld pool were distinguished from other continuous edges based on the inherent features of the different edge types (Figure 11 ). Owing to the overlap of the torch and electrode with the weld pool, the complete boundary is not acquired, therefore, in the third step the acquired edges of the weld pool were used to fit a complete boundary for the weld pool. The boundary was modelled piecewise by relating the radius to the angle using polar coordinate. A weighted-meaning method was proposed to construct the boundary of the weld pool from the models.
Figure 11
Determining the pool boundary using features of each region
Saeed, Lou and Zhang at the University of Kentucky used slope field and point tracking technique to compute the 3D shape of the weld pool surface (Saeed et al., 2004) . Their method employed projecting a 7 × 7 dot matrix pattern of laser on the weld pool. The reflection of the dot matrix was observed on the image plane. On the basis of the geometry, law of reflection and using an approximation, the slope field of the surface was computed. The algorithm was based on the fact that the change in the direction of the reflected laser was mostly caused by the change in the slope of weld pool and by negligible amount, if the imaging plane is far, by translational movement (Figure 12 ). By using an approximation of representing point B by
the (x, y) coordinate of point A, the slope angle θ was computed ( Figure 13 (a)) using law of reflection. Then, using the point (x, y) and θ, the depth z of the weld pool was computed based on the distribution pattern of the dot matrix array. The recovered weld pool shape is shown in Figure 13 (b). Stereovision methods also used to determine the 3D shape of the weld pool. Such a research was done by Mnich at Colorado School of Mine Center for Welding, Joining and Coating Research (Mnich et al., 2004) . Two high-speed cameras (Balser A504K) with a small distance between them (10-cm baseline distance) were used to capture the images of weld pool during the welding of flat plate using a robotic welder. The images were captured at a specified frame rate with exposure of 125 µs. The process used for welding was pulsed GMAW, and therefore no external illumination was used as the high-temperature radiance of the weld pool is observable during the times when the arc is off. A computer triggered the cameras simultaneously so that the images are concurrent and the cameras are also synchronised with the robotic welder to snap the images when the arc is off. A pair of images are rectified using calibration parameters obtained through stereo calibration procedure. The rectification process warps the stereo image pair into an alignment as if the image planes of the two cameras were aligned. As the weld pool surface is highly patterned, an image correlation-type measure was used to match points between the two rectified images. Then, using stereo processing algorithms, the weld pool shape is rendered in 3D. The disparity in the rendered image is removed using interpolated values from the surrounding valid areas. The image pairs captured (as shown in Figures 14 and 15) show the rendered 3D plot (Mnich et al., 2004) . Oscillations of the weld pool could also be observed directly using this stereovision method. 
G. Saeed
Another technique of using biprism with the same concept of stereo imaging was used by Yoo and Lee at Seoul National University (Yoo and Lee, 2004) . They employed a stereo system using a single CCD camera with single lens fitted with biprism. Typically, for stereo images acquired by two cameras, the focal lengths and zoom levels of the cameras are often slightly different. Differences in the optical properties of the two cameras cause intensity differences between corresponding points in stereo images. These unwanted geometric and intensity differences should be reduced as much as possible to increase the ability to find correspondences between pixel regions reliably for matching. A biprism stereo camera system also has the advantage that unwanted geometric and intensity differences between the stereo images are reduced. An arbitrary object point in 3D space is transformed into two virtual points by the biprism. The equivalent of a stereo pair of images is formed as the left and right halves of a single CCD image using a biprism. As in the conventional stereo system, the image disparity between the two image points of the two virtual points is directly related to the depth of the object point. Therefore, the system is inexpensive and extremely easy to calibrate as it requires only one CCD camera. An additional advantage of the geometrical set-up is that corresponding features lie on the same scan line automatically. The single camera and biprism have led to a simple stereo system for which correspondence is very easy and which is accurate for nearby objects in a small field of view. As only a single lens is used, calibration of the system is greatly simplified. This is due to the fact that only one focal length and one centre of projection need to be estimated. Figure 16 shows the use of biprism to obtain two virtual images X l and X r of a point X p (Lee and Kweon, 2000) .
Figure 16
The geometry of biprism (Lee and Kweon, 2000) The biprism stereo system was used to observe the GMAW welding process. Clear molten pool images were obtained using the 880-nm laser line filter and weld pool boundaries on the left and right images were extracted, and to determine the corresponding points in the subpixel order, the intensity-based and filter-based matching algorithms were employed. This system is shown in Figure 17 (Yoo and Lee, 2004) . The research is still in progress but appears quite promising. The results (Figure 18) show the profile of the weld pool from captured images.
Figure 17
Biprism stereo system set-up to observe the weld pool (Yoo and Lee, 2004) In a paper by Zhao et al. the Shape-FromSilhouette (SFS) algorithm was used to construct the shape of the weld pool . The SFS constructs a shape estimator (known as Visual Hull) of an object using its silhouettes images. In this paper, a 2D image-processing algorithm was developed to extract the plane shape parameters of the weld pool, and an improved SFS algorithm on a single plane image was used to calculate surface height of the weld pool. Their sensing system included a CCD camera and an optical lens system with a frame grabber. Double-sided weld pools were recorded through a filter system to focus on the same target of the CCD camera. Their experimental system set-up is shown in Figure 19 . In the algorithm developed by Zhao et al. 2D image processing was used to extract the plane shape parameters of the weld pool such as topside width, length, the backside width and length. The algorithm included pool type identification, edge extraction and edge regression, where pool type identification determined the convex or concave shape of the pool, edge extraction extracted the edges using a edge tracing method and edge regression calculated the three shape parameters of the weld pool. For their 3D processing, they used the arc light as a point of light source. With the camera location fixed, the image brightness is only determined by the shape and the properties of the weld pool. The correlation between the surface orientation of a local point and the image brightness, a reflectance map, can be used to calculate the shape from the shading by extracting the shape from its image density as first proposed by Horn and Brooks (1986) . The improved SFS algorithm in this research using a single image based on the generalised reflectance map was successfully able to recover the weld pool height from a single weld pool image.
A structured light technique was used by Saeed et al. to determine the 3D profile of the weld pool surface (Saeed et al., 2005b) . The technique incorporated the use of a calibrated CCD sensor and structured light to extract the depth of pool from captured images. A laser line was projected from a pre-determined position onto the weld pool surface. Light falling on the molten weld pool is reflected specularly. The reflected laser beam from the weld pool surface is captured by a calibrated CCD sensor to form the image. The image is then processed based on ray-tracing technique to calculate the depth of the weld pool surface using the position of laser and its fan angle along with the intrinsic parameters and extrinsic parameters of the CCD sensor. The CCD sensor used in this research was a built in-house specifically to observe the weld pool (Saeed et al., 2005a) . After extensive experimentation and based on simulation results (Saeed and Zhang, 2003) , the optimal incident laser angle, the observing angle and the optics (filters and lenses) were selected. It was determined that the reflected laser light could be used to determine the shape of the weld pool. The distortion in the laser line distinctively showed the shape of the weld pool. Figure 20 shows some of the data captured by the compact sensor. An interesting finding was that the shape of the weld pool is like a convex mirror and shaped like a blob when there is no metal penetration (Figure 20) . Also when the welding current is increased and the weld penetrates the metal, the weld pool is like a concave mirror and deepens as the penetration increases ( Figure 21 ).
Figure 19
System used for SFS depth extraction of weld pool Several experiments were performed with the calibrated laser and camera/CCD sensor, and based on active triangulation technique the profile of the weld pool reconstructed. The processing was done offline. Figure 22 shows the reconstructed profile from the data captured and put together to indicate the change with time. The experiments included changing the current input of the welding process and observing the change in the weld pool depression.
Figure 20
No penetration -laser reflected from weld pool Figure 21 (a) Laser reflected from a shallow weld pool, with little penetration (b) welding current increased to have greater penetration -capture laser reflects the change in weld pool penetration (c) captured laser has greater curvature when the welding current is further increased (Saeed et al., 2005a) Rokhlin and Guu at the Ohio State University used X-ray source, image intensifiers and camera to compute the depth of penetration (Rokhlin and Guu, 1993) . Their real-time radiographic apparatus is shown in Figure 23 (a). The apparatus consisted of X-ray source, image intensifier, TV camera and a microcomputer with image processing board. The X-ray tube produced a collimated beam, which penetrated the material. The modulated X-ray field by the weld pool was acquired using an image intensifier and a video camera.
Figure 18 3D shape calculation using biprism stereo system (Yoo and Lee, 2004) From the image, the depth of depression could be computed. The images taken were positive, which means that the thinner sections are lighter than the thicker ones. Therefore, the weld pool surface topography was determined from radiographic images using experimentally obtained image brightness to thickness relationship (Guu and Rokhlin, 1992) . They performed a study of the weld pool depression, arc force, weld penetration and their inter-relations as a function of welding current. A quadratic dependence of arc force on current was found. A perfectly linear relationship between arc force and pool depression was found in a certain current range. The relationship between the weld penetration and pool depression for different welding currents was also established as a part of this study (Figure 23(b) ). The research concluded that the weld penetration and pool depression are closely related and therefore the weld depression was useful for controlling weld penetration.
Conclusion
Several techniques for weld pool measurement based on optical and vision technology are reviewed in this paper. The effectiveness of each technique is dependent on the type of application and the measured parameter criteria (optical intensity, 2D or 3D). Each technology has its own limitation in terms of cost, space, speed and accuracy. When exploring the use of any technology for weld pool measurement, special attention should be given to the implementation limitations of each technology. The weld pool profile during an experimental run with varying current (Saeed et al., 2005b) 
